Breast cancer is the leading cause of cancer-related mortality in women worldwide. Liver metastasis is involved in upwards of 30% of cases with breast cancer metastasis, and results in poor outcomes with median survival rates of only 4.8 -15 months. Current rodent models of breast cancer metastasis, including primary tumor cell xenograft and spontaneous tumor models, rarely metastasize to the liver. Intracardiac and intrasplenic injection models do result in liver metastases, however these models can be confounded by concomitant secondary-site metastasis, or by compromised immunity due to removal of the spleen to avoid tumor growth at the injection site. To address the need for improved liver metastasis models, a murine portal vein injection method that delivers tumor cells firstly and directly to the liver was developed. This model delivers tumor cells to the liver without complications of concurrent metastases in other organs or removal of the spleen. The optimized portal vein protocol employs small injection volumes of 5 -10 μl, ≥ 32 gauge needles, and hemostatic gauze at the injection site to control for blood loss. The portal vein injection approach in Balb/c female mice using three syngeneic mammary tumor lines of varying metastatic potential was tested; high-metastatic 4T1 cells, moderate-metastatic D2A1 cells, and low-metastatic D2.OR cells. Concentrations of ≤ 10,000 cells/injection results in a latency of ~ 20 -40 days for development of liver metastases with the higher metastatic 4T1 and D2A1 lines, and > 55 days for the less aggressive D2.OR line. This model represents an important tool to study breast cancer metastasis to the liver, and may be applicable to other cancers that frequently metastasize to the liver including colorectal and pancreatic adenocarcinomas.
Introduction Breast Cancer Metastasis to the Liver
The liver is a common site of breast cancer metastasis, along with bone and lung [1] [2] [3] . Liver metastasis in breast cancer patients is an independent prognostic factor for very poor outcomes 4, 5 , as median survival of breast cancer patients with liver metastasis ranges from 4.8 to 15 months [6] [7] [8] [9] . In contrast, breast cancer patients with lung or bone metastasis have median survival rates of 9 to 27.4 months 8, 9 and 16.3 to 56 months 8, [10] [11] [12] , respectively. Metastasis is a multistep process, referred to as the metastatic cascade, which begins with tumor cell dissemination in the primary tumor and ends with patient mortality due to the seeding and outgrowth of circulating tumor cells within a distant organ [13] [14] [15] . Rodent models of metastasis have revealed that the metastatic cascade is remarkably inefficient, with only 0.02 -10% of circulating tumor cells establishing overt metastasis 16, 17 . One major bottleneck of metastatic inefficiency is dictated by the unique tissue microenvironments at secondary sites, called metastatic niches 18 , highlighting the importance of understanding site-specific metastasis. The metastatic niche is unique to the site of recurrence, and is, in part, characterized by deposition of distinct extracellular matrix proteins 19, 20 , infiltration of various immune cell populations [21] [22] [23] , and altered tissue homeostasis including dysregulated production of numerous cytokines, chemokines, and growth factors 15, 18, 24, 25 . Thus, an understanding of the tissue specific metastatic niche precedes an understanding of how to target metastatic disease. However, robust models of liver metastasis are lacking. Further, improved models of liver metastasis will be essential to identifying novel targets and effective treatments for breast cancer patients with liver metastases.
Established Models to Study Breast Cancer Metastasis to the Liver
Currently available models to study breast cancer metastasis to the liver include human cancer cell xenografts in immune compromised mice. These models typically use well-studied human breast cancer cell lines such as MCF-7 and MDA-MB-231 and Nude, Rag1 -/-, or SCID immune compromised murine hosts [26] [27] [28] [29] . Xenograft models provide the advantage of involving human derived cancer cell lines, however, given the recent appreciation for immune cells in metastasis [30] [31] [32] and in therapeutic resistance [33] [34] [35] , the study of metastasis in a fully immune competent host is paramount. Models to study breast cancer metastasis to the liver in immune competent hosts include orthotopic injection of syngeneic tumor cells (e.g., 4T1 and D2A1 cell lines) into the mammary fat pad, with or without surgical resection of the primary tumor, and subsequent assessment of metastasis [36] [37] [38] . Of note, the rate of liver metastasis from orthotopic transplant models is very low or non-existent compared to other metastatic sites such as lung 39, 40 
P53
f/f mice, which model invasive lobular breast carcinoma, develop tumors when orthotopically injected into wildtype hosts. Following surgical resection of these tumors once they reach 15 mm 2 , 18% of the mice progressed to liver metastasis 40, 41 . A third approach to model liver metastasis utilizes spontaneous metastasis in genetically engineered mice. To date, reports of spontaneous murine models of breast cancer metastasis that readily spread to the liver are uncommon. Exceptions include the H19-IGF2, the p53 fp/fp MMTV-Cre Wap-Cre, and the K14 Cre ECad f/f P53 f/f genetically engineered mouse models, where liver metastasis develops in a low percentage of mice 38, [41] [42] [43] . Thus, while genetically engineered mouse models facilitate the study of all stages of the metastatic cascade, providing powerful and clinically relevant models, they are limited due to low rates of liver metastasis 38 .
Several metastasis models bypass the initial steps of the metastatic cascade including dissemination of tumor cells from the primary tumor and intravasation. These models permit investigation into the later steps of the metastatic cascade, from extravasation to establishment of tumors at secondary sites. The intracardiac injection model delivers tumor cells into the left ventricle, which distributes tumor cells into the circulatory system via the aorta. Intracardiac injection requires ultrasound guided imaging of the injection site or other imaging modalities such as bioluminescence of luciferase tagged cells to confirm successful injection. Tumor cell injection via the left ventricle may result in bone, brain, lung, and/or liver metastasis, amongst other organs [44] [45] [46] [47] [48] . Because of multi-organ metastases, these mice frequently need to be euthanized prior to development of overt liver metastasis, negating the ability to fully investigate metastatic growth within the liver. An alternative approach that significantly minimizes the development of multi-site metastasis is the intrasplenic injection model. Intrasplenic injection delivers tumor cells via the splenic vein that joins with the superior mesenteric vein to become the portal vein 49, 50 . Animals can be monitored for outgrowth of metastatic lesions in the liver because formation of metastases at other sites is rare, and as a result, the animal's overall health is maintained 49, 50 . However, it is important to note that the intrasplenic model requires splenectomy to avoid splenic tumors 49, 50 , a procedure that impacts immune function. For example, myocardial ischemia reperfusion injury is characterized by infiltration of Ly6C + monocyte subsets that originate from the spleen and are responsible for phagocytic and proteolytic activity during the wound healing following ischemia 51, 52 . With splenectomy, there is an observed reduction in monocyte populations that assist in wound healing 52 . Further, splenectomy has been shown to reduce primary tumor growth and lung metastases in a non-small cell lung cancer model, specifically through a reduction in the number of circulating and intratumor CCR2
+ monocytic myeloid cells 53 . Additionally, splenectomy following intrasplenic injection of colon cancer cells resulted in reduced levels of anti-tumor natural killer cells in mesenteric lymph nodes and elevated liver metastasis 54 . In sum, these findings suggest that splenectomy compromises the immune system's role with subsequent consequences for metastatic cell fate.
Portal Vein Injection Model of Liver Metastasis
To investigate breast cancer metastasis to the liver in a fully immune competent host, under conditions where mice are not compromised due to multi-organ metastases, a portal vein injection model was developed. Intraportal injection models have been used previously to study liver metastasis of colorectal 55, 56 and melanoma 16 cell lines; here we describe application of the intraportal injection to model syngeneic mammary tumor cell metastasis. This model can be used to study the later stages of the metastatic cascade including breast cancer cell extravasation and seeding, tumor cell fate decisions regarding death/proliferation/dormancy, and outgrowth into overt lesions. In this model, syngeneic mammary tumor cell lines are injected via the portal vein of immune competent Balb/c female mice, a method that delivers tumor cells firstly and directly to the liver without removal of the spleen. To develop this model, the use of four mammary tumor cell lines that range in their metastatic capability from low to high were employed: D2.OR, D2A1, and 4T1, and have employed D2A1 tagged with green fluorescent protein (D2A1-GFP) to investigate early time-points after tumor cell injection. 4T1 is a highly metastatic cell line derived from the 410.4 tumor that spontaneously arose in an MMTV + Balb/c female mouse 36, 37 and metastasizes to lung, liver, brain, and bone from mammary fat pad primary tumors 39, 57, 58 . D2A1 tumor cells were also originally derived from a spontaneous mammary tumor arising in a Balb/c host after transplant of D2 hyperplastic alveolar nodule cells, and are confirmed to be metastatic from the primary tumor to the lung 59, 60 . D2.OR tumor cells are a non-metastatic sister line to the D2A1 line and, although they escape the primary tumor and arrive at secondary sites, they rarely establish distant metastases 60, 61 . Additionally, it is important to avoid use of commonly employed pain management drugs including non-steroidal anti-inflammatory drugs (NSAIDs) during or following the surgical procedure. NSAIDs have anti-tumor activity in certain breast cancers [62] [63] [64] [65] , and some classes of NSAIDs increase the risk of hepatotoxicity 66, 67 , potentially compromising the study of liver metastasis and the liver metastatic niche. Further, studies suggest that NSAIDs directly influence the tissue microenvironment, reducing pro-metastatic extracellular matrix proteins tenascin-C 68 and fibrillar collagen 62, 65 . Alternatively, the use of an opioid derivative, buprenorphine, was used because of its efficacy in rodent pain management 69 and due to the lack of evidence that opioids have anti-tumor activity 70 . This portal vein injection model was optimized for smaller injection volumes of 5 -10 µl to avoid unnecessary damage to the liver. The model was also optimized to include needles with smaller diameter (≥ 32 gauge) and use of hemostatic gauze immediately following injection to minimize blood loss during the procedure. In contrast to these optimized injection parameters, cell numbers should be determined on an individual basis, based on the tumorigenic potential of the cell line. However, starting at ≤ 10,000 cells/injection for long-term studies is recommended. For shorter endpoints (e.g., 24 hr post-injection) considerably more tumor cells (e.g., 1 x 10 5 -1 x 10 6 ) may be used if warranted. In summary, the portal vein injection model detailed here represents a useful tool for the study of breast cancer metastasis to the liver and circumvents a number of the limitations of other liver metastasis models. This model facilitates study of tumor cell extravasation, seeding, early fate decisions of survival, proliferation, and dormancy, and metastatic outgrowth in immune competent murine hosts.
1. Wipe down all surfaces of the surgical area with 10% bleach, including the heating pad, light source, anesthesia tubing and nose cone, and any other part of the surgical suite that will be in close proximity to the surgical procedure while it is being performed. 2. In the aseptic surgical area, place the cleaned heating pad with sterile drape, light source, anesthesia tubing and nosecone, insulin syringes, 1 ml syringes, bupivacaine, artificial tears, sterile saline, 2 x 2" sterile gauze sponges, 4 x 4" sterile gauze, hemostatic gauze cut into 0.5 -1 cm 2 pieces, scissors, forceps, hemostat, 4-0 vicryl sutures with taper needle, and 50 ml 2% Chlorhexidine gluconate in an autoclaved container. 3. Ensure that there is room in this space for prepared tumor cells stored on ice. 4. On the bench adjacent to the surgical area, prepare the recovery area with a second heating pad and clean cages with sterile bedding.
NOTE: This area can also house items such as a bead sterilizer.
Portal Vein Injection
1. One-hour prior to the planned injections, treat Balb/c female mice aged 8 -15 weeks with 100 µl of 0.015 mg/ml buprenorphine, subcutaneously, for pain management. NOTE: This injection protocol may be applied to any strain of female or male mouse at any age, using the appropriate cell lines for changes to the strain. 2. Prepare the tumor cells for injection based on protocols for the cell line or tumor explant of choice. Test all tumor cell lines prior to administration for the presence of murine pathogens to reduce the risk of introducing such pathogens into the animal colony. 1. For syngeneic Balb/c tumor cell lines including D2A1, D2.OR, and 4T1 tumor cells, thaw cells into a 10 cm tissue culture plate 3 days prior to injection such that the following day cells are at ~ 90 -100% confluency. 2. 1 day following tumor cell thaw wash cells once with 1x phosphate buffered saline (PBS) and trypsinize the confluent tumor cells using 2 ml of 0.05% trypsin at 37 °C for 5 min. Add 8 ml of complete media (DMEM high glucose, 10% fetal bovine serum, 2 mM L-glutamine, and 1x penicillin/streptomycin) and passage 1:10 into a fresh 10 cm dish with 10 ml of complete media. 3. On the day of the injections, wash cells once with 1x PBS and trypsinize as described above. 4. Resuspend trypsinized cells in 8 ml of complete media, spin for 5 min at 1,500 x g, remove the media and resuspend in 5 ml 1x PBS. 5. Count cells on a hemocytometer using trypan blue exclusion for viability assessment. Resuspend cells for injection in 1x PBS at a predetermined concentration and volume. NOTE: 5 -10 μl is recommended as smaller injection volumes prevent unnecessary damage to the liver. 6. Keep cells on ice for the duration of the injections. Following completion of injections, return a sample of cells to the laboratory and place in culture in complete media for 1 day to ensure viability.
3. Place the mouse under anesthesia with 2 -2.5% isoflurane (2-chloro-2-(difluoromethoxy)-1,1,1-trifluoro-ethane) delivered in oxygen. Maintain body temperature using the heating pad. Ensure complete anesthetization by assessing for a reaction to a toe pinch, and then maintain anesthesia at 2 -2.5% isoflurane. NOTE: It is important to monitor the animals breathing rate and adjust the isoflurane flow-rate accordingly throughout the procedure. 4. Place a small amount of artificial tears or vet ointment over each eye to avoid excessive drying of the eyes during the surgical procedure. 5. Place the mouse in a supine position, on its back with abdomen exposed. 6. Remove hair on the ventral left side of the rodent from the second rib space down to the 4 th inguinal mammary gland nipple by wiping the area with chemical depilatory. Allow the depilatory to sit for 1 -2 min and then remove completely with gauze and H 2 O. This step can be done 1 -2 days in advance to save time if numerous surgeries are planned. 7. Take one 2 x 2" sterile gauze sponge (soaked in 2% Chlorhexidine) and wipe down the mouse at the site of hair removal. Sterilize the entire surrounding area, including the tail, to minimize bacterial contamination of instruments. 8. Wipe the site of hair removal and surrounding area down with an alcohol prep pad. 9. Repeat 2% Chlorhexidine and alcohol steps once more and finish with a final Chlorhexidine wipe down for a total of three 2% Chlorhexidine and two alcohol prep pad washes. Do the final Chlorhexidine wipe such that the chemical is not dripping around the surgical site to avoid getting Chlorhexidine on internal organs. NOTE: Application of large amounts of chlorhexidine and alcohol to the skin and surrounding fur may result in a significant drop in body temperature. Do not wipe with excess volume during steps 2.7-2.9. Maintain body temperature with a heating pad. 10. Using sterile gloves and a sterilized scalpel with sterile blade, make a single 1-inch incision into the skin between the median and sagittal planes on the left side of the mouse, starting just below the ribs and ending just above the plane of the fourth inguinal mammary gland teat. 11. Using autoclaved or bead sterilized scissors and forceps, make a similar 1-inch incision into the peritoneum. Avoid cutting into the mammary fat pad and ensure not to cut the intestines, liver, or diaphragm. 12. Place a 4 x 4" gauze pad soaked in sterile saline on the left side of the mouse, where the incision was made, such that internal organs can be placed on the gauze and not come into contact with the surrounding skin or surgical area. 13. Prepare tumor cells by pipetting up and down several times as tumor cells will settle during preparation of the mouse. Prepare a 25 μl removable needle syringe and 32-gauge needle with tumor cells. Push on the syringe until tumor cells are at the tip of the needle and the plunger is at the appropriate volume for injection; avoid injection of air bubbles. 14. Wipe the outside of the needle with a sterile alcohol pad to remove any external tumor cells. Use caution to avoid needle sticks. 15. Hold the median side of the incision, including skin and peritoneal lining, aside with the forceps and use a sterile cotton swab to carefully pull the large and small intestines out, placing them on the sterile gauze soaked in sterile saline. Pull out large and small intestines until the portal vein is visualized. 16. Cover the internal organs in the saline soaked gauze to maintain internal moisture and sterility. 17. Have an assistant, also wearing sterile gloves, hold the intestines wrapped in the saline soaked gauze gently out of the way with a sterile cotton tipped swab to fully reveal the portal vein. Additionally, it may be necessary to use the autoclaved hemostat or forceps to hold tissue aside on the median side of the incision. NOTE: Hemostatic powder was also attempted for this step in the protocol but was not effective in stopping venous blood loss following injection. 20. Hold the hemostatic gauze at the injection site with pressure from a sterile cotton tip applicator for 5 min. 21 . Assess closure of the vein by carefully lifting the hemostatic gauze, if the gauze sticks to the surrounding tissue, a small amount of sterile saline can be used to soak and lift the gauze. 22. If blood loss occurs at this time, place an additional piece of hemostatic gauze at the site with pressure for an additional 5 min. When blood flow has ceased completely, remove the gauze from the mouse. NOTE: Blood loss during the surgical procedure must be carefully assessed and if the total allowed blood loss volume is met or exceeded (based on regulatory standard operating procedures for the investigator's institutional review boards) the mouse must be euthanized while under anesthesia by cardiac perfusion. 23. Once the injection site is deemed intact, with no blood leaving the injection site, place the internal organs gently back into the abdominal cavity. 24. Suture the peritoneal lining and then the skin with sterile 4-0 vicryl suture and taper needle using a simple continuous or interrupted suture pattern. Typically, closing the incision requires 10-15 sutures. 25. Inject 100 µl of bupivacaine (5 mg/ml) along the incision site for local pain management using an insulin syringe. Inject 0.5 ml of sterile saline subcutaneously using a 1 ml syringe with 26-gauge needle for hydration. Surgeries take 15 -25 min to complete. 26. To maintain sterile conditions throughout the surgery, ensure that all tools and materials coming into contact with the mouse, including gloved hands, are cleaned appropriately prior to contact. Where possible use sterile materials and gloves, or minimally utilize a 70% ethanol solution or 10% bleach solution to clean. 27. If multiple surgeries are planned for a single session remake the initial surgical area with fresh sterile drape, insulin syringes, 1 ml syringes, sterile saline, 2 x 2" sterile gauze sponges, 4 x 4" sterile gauze, hemostatic gauze cut into 0.5 -1 cm 2 pieces, 4-0 vicryl sutures with taper needle, and 2% Chlorhexidine. Bead-sterilize the scissors, forceps, and hemostat in between surgeries and allow to adequately cool prior to re-use.
Recovery, Monitoring Rodent Health, and End-point Analyses
1. After the surgical procedure is complete, maintain mice on a heating pad for recovery in bedding-free, clean cages for a minimum of 20 min. Mice typically take 2 -4 min to wake up from anesthesia. 2. Do not return an animal that has undergone surgery to co-habitation with other animals until it has fully recovered from anesthesia. Do not leave an animal unattended while it is regaining consciousness and monitor until the animal has regained the ability to maintain itself in sternal recumbency. 3. Give mice 0.05 -0.1 mg/kg buprenorphine for pain management every 6-12 hr following surgery, for up to 72 hr. 4. Check sutures daily to ensure they remain intact during healing. In the case that sutures come undone, place the mouse under anesthesia, remove remaining sutures, and replace. In the case of infection or inflammation consult veterinarian staff. NOTE: Infection or inflammation has not been encountered with this protocol. 5. For metastasis studies, perform daily health checks until outward signs of metastatic disease are observed including, but not limited to: >10% weight loss/gain, scruffiness, loss of attention to surroundings, abdominal edema/ascites, pale eyes and ears, or a hunched position. NOTE: Daily health checks are particularly important when developing the model for use with a new cell line or cell concentration until the timeline of metastasis is well understood. 6. At study end-point, euthanize mice by CO 2 inhalation followed by cervical dislocation.
NOTE: Alternative methods of euthanasia approved by the investigators' oversight committee may be used, including perfusion with 1x PBS while under anesthesia. Perfusion of the liver is performed by cannulating the portal vein, snipping the inferior vena cava, and pushing 1x PBS through the liver vasculature at a rate of 4 ml/min for 1 -2 min to remove circulating blood and leukocytes. NOTE: Depending on the endpoint for the study, the cell line, and the concentration used, overt liver metastasis may or may not be apparent at necropsy. Micrometastatic lesions may be revealed with histological analysis of the liver. Endpoints will vary based on the study design. 7. Extract the liver with scissors and forceps by first removing the gallbladder, then cut through the inferior vena cava superior to the liver. Cut through the vena cava, portal vein, and hepatic artery inferior to the liver. 8. Remove the whole liver gently and wash 5x in 1x PBS. 9. Separate the liver into left, right, median, and caudate lobes. 10. Formalin fix liver in 10% neutral buffered formalin for 48 hr while shaking at room temperature. Process tissues through a series of alcohols in increasing concentration and xylene; paraffin embed the fixed tissue 71 . NOTE: Alternatively, the liver may be snap-frozen by placing tissue in a cryomold with optimum cutting temperature (OCT) formula and freezing on dry ice pellets submerged in 95% ethanol.
1. Using a microtome, cut into the paraffin embedded tissue block such that a match-head size of tissue is revealed. 2. Cut five 4-micron serial sections, this constitutes the first level for analysis. 3. Cut through 250 microns of tissue, throw these sections in the waste. 4. At 250 microns cut a second level of five 4-micron serial sections. 5. Repeat as necessary to section through the entire liver. Hematoxylin and eosin stain the first section of every level to assess for metastasis 72 . NOTE: For snap-frozen tissue use a cryostat to cut sections. NOTE: Detection of micrometastatic disease will require tumor cell specific staining.
11. Remove mice from study if there is tumor growth at the incision site, as this indicates tumor cell leakage into the peritoneal cavity following injection. NOTE: This problem has not been observed.
Representative Results
The portal vein injection model, in which tumor cells are delivered directly to the liver via a surgical procedure, allows for tumor cell injection into the portal vein. Under antiseptic conditions, in an anesthetized mouse, a ~1-inch surgical incision is made on the left side of the mouse between the median and sagittal planes, starting just above the plane of the fourth inguinal mammary gland teat and ending just below the ribs. The large and small intestines are gently pulled through the incision to provide visualization of the portal vein ( Figure 1A) . Accurate anatomical identification of the portal vein and successful intra-portal injection can be confirmed by practicing the injection protocol with India ink or a similar dye. Correct injection via the portal vein will result in the ink being delivered immediately and specifically to the liver, and will not result in India ink spread to the lung ( Figure 1B) . Further, using D2A1 mouse mammary tumor cells tagged with GFP, dispersal of tumor cells throughout the liver is apparent at ninety minutes post-injection, confirming portal vein injection delivery to the liver (Figure 1C) . At higher magnification it becomes apparent that at 90 min post-injection, tumor cells are found within sinusoids, as well as within the liver parenchyma in close proximity to portal triads, where the portal vein blood enters the liver (Figure 1C) . These data suggest that active tumor cell extravasation is occurring at 90 min post-tumor cell injection. Taken together, these data confirm that the portal vein injection model delivers the injection volume directly to the liver, with ink or tumor cells dispersed throughout the liver and no appreciable transport of injection volume to the lung.
To assess robustness of the portal vein injection model, three separate syngeneic mouse mammary tumor cell lines were tested in adult female Balb/c mice. These mammary tumor lines were selected based on their characterized behavior in mammary fat pad models and include the highly aggressive and metastatic 4T1 cell line, the less aggressive metastatic D2A1 line, and the low/non-metastatic D2.OR line 37, 61, 73, 74 . 2,000 and 10,000 cells per injection were tested with no notable differences in the time to development of overt metastasis with these low cell concentrations. For these studies surrogate markers of metastasis were used such as lack of grooming, pallor, and weight loss to justify necropsy, upon which the presence or absence of liver metastases were confirmed by visual assessment of the liver and other organs to confirm intra-portal delivery. These data confirm previous reports that the 4T1 and D2A1 cell lines represent more aggressive mammary tumor lines, as shorter metastasis free survival rates are observed compared to mice injected with the less aggressive D2.OR line (Figure 2A ). Mice injected with 4T1 or D2A1 tumor cells developed overt liver metastasis by ~ 30 -40 days post-injection, and some developed metastasis as early as 18 days post-injection (Figure 2A) , whereas only one mouse injected with D2.OR cells had developed overt liver metastasis by study end, which was 60 -65 days post-tumor cell injection. Metastases were subsequently confirmed by sectioning through the liver in 250 µm levels and analyzing hematoxylin and eosin (H&E) stained sections (Figure 2B-D) .
In addition to detection of overt metastatic lesions in the mouse liver, the portal vein model can also be utilized to study earlier events in the metastatic cascade including detection of single cells/cell clusters following extravasation, and formation of micro-metastatic lesions. Multiplex immunofluorescence-staining was used to detect 4T1, D2A1, and D2.OR mammary tumor cells in liver when they are present as single cells or micro-metastatic lesions, as H&E is not sufficient to confirm the presence of small lesions. Figure 3A shows a representative Balb/c mouse liver with a putative micrometastatic foci of D2A1 tumor cells that are positive for the epithelial keratin CK18, negative for the pan-immune marker CD45, and negative for the hepatocyte marker Heppar-1. Hepatocytes also stain positive for CK18, necessitating use of Heppar-1 in this staining panel. One important note is that bile duct epithelium and liver progenitor cells stain positive for CK18, requiring careful discrimination between tumor cells and bile ducts, particularly when assessing periportal regions ( Figure 3A ). An alternative to multiplex immunofluorescence to identify single disseminated cells and micrometastatic foci is to utilize syngeneic mammary tumor lines tagged with enhanced green fluorescent protein (eGFP) and/or luciferase and perform IHC for the tag (Figure 1C) . Due to the immunogenicity of eGFP, luciferase, and other proteins, it is essential to use mouse models that are tolerized to these proteins, such as the novel immune competent "glowing head" mouse that expresses eGFP and luciferase in the anterior pituitary gland 75 . For identification of macrometastatic lesions of untagged syngeneic lines such as the D2A1 tumor line, the CK18/Heppar-1/CD45 multiplex immunofluorescence is ideal ( Figure 3B ). 
Discussion
The Balb/c mouse portal vein injection model permits the study of mammary cancer lesions in the liver in the absence of confounding multiorgan metastasis and in a fully immune competent host. Our protocol is an advancement of previously published surgical procedures that permit access to the portal vein for injection of tumor cells directly into the liver 16, 55, 56 . One advancement we have made is to significantly reduce the number of injected tumor cells from ≥ 1 x 10 5 cells/injection 16, 55, 56 down to ≤ 10,000 tumor cells/injection. We have also expanded the model for the study of breast cancer metastasis to the liver. Using this protocol, two mammary cancer cell lines with known metastatic potential develop liver metastases with shorter latency than a more quiescent mammary tumor cell line. Further, at early time points, tumor cells are distributed throughout the liver parenchyma as single or small groups of single cells after tumor cell injection. The model is poised to address questions of metastatic efficiency including tumor cell extravasation, cell survival, dormancy, and proliferation -all phenotypes that contribute to the development of micro-metastatic and overt metastatic disease in the liver.
It is important to consider numerous aspects of the portal vein injection protocol prior to initiating studies. Carefully deciding on cell lines, cell concentration, total cell number, and end-points of interest based on smaller exploratory studies is highly recommended. Further, the use of immune competent hosts and syngeneic cell lines is of utmost importance for understanding host-tumor cell interactions. The newly developed "glowing head" mouse that expresses eGFP and luciferase from the anterior pituitary gland is an important tool for eliminating host responses to exogenous eGFP and luciferase, proteins often used to tag mammary tumor lines 75 . Use of the "glowing head" mouse and syngeneic tagged tumor cells will facilitate easy identification of single disseminated cells and micrometastatic foci by IHC without the concern of inflammatory responses to eGFP or luciferase. Similarly, choosing pain management strategies carefully to ensure minimal anti-or pro-tumor impact from the drug treatment regimen is strongly recommended. Critical steps in this protocol include maintaining sterile conditions throughout surgeries to ensure that infection does not occur, as this will confound any results. It is also important that the needle is properly placed in the portal vein to ensure that tumor cells are delivered to the liver. Practicing the protocol with dyes such as India ink will help with this issue. Tumor growth at the skin incision site is the best indicator that improper needle placement occurred. Finally, it is critical that blood loss from the portal vein is adequately controlled and ceases entirely prior to suturing the animal. The use of hemostatic gauze greatly diminishes the risk of uncontrolled blood loss from the portal vein following injection. In our hands, procedural related mortality due to blood loss from the portal vein following injection was reduced from 30% to 2% of mice with the use of hemostatic gauze.
It is important to note that the portal vein injection model does not replicate the full metastatic cascade, but is limited to the study of tumor cell extravasation, tumor cell-niche interactions following extravasation and tumor growth. Models that accurately replicate the full metastatic cascade to the liver, such as occurs in patients, are urgently needed. An additional limitation of the portal vein injection model is that it is confounded by the impact of surgery on the host, with wound healing known to impact disease progression 76, 77 .
The portal vein injection model represents an improvement on other injection models to study liver metastasis, including intracardiac and intrasplenic models. Specifically, the portal vein injection model allows for the study of a larger range of disease progression than the intracardiac model, which is often limited by concomitant metastases in other tissues. Further, the portal vein model is not complicated by removal of the spleen, as is done in the intrasplenic model.
The portal vein injection model may prove a useful tool for the study of liver metastasis in general. Liver metastasis is the most frequent site of metastasis in adenocarcinomas overall, with particularly high rates in pancreatic cancers (85% of metastases are to the liver), colon and rectal adenocarcinomas (>70%), as well as stomach and esophageal (>30%) 1 . Although spontaneous and orthotopic primary tumor models of pancreatic and colon adenocarcinomas more readily metastasize to the liver 78, 79 
